We present molecular spectroscopy toward 50 Galactic supernova remnants (SNRs) taken at millimeter wavelengths in 12 CO and 13 CO J = 2 − 1 with the Heinrich Hertz Submillimeter Telescope as part of a systematic survey for broad molecular line (BML) regions indicative of interactions with molecular clouds (MCs). These observations reveal BML regions toward nineteen SNRs, including nine newly identified BML regions associated with SNRs (G08.3−0.0, G09.9−0.8, G11.2−0.3, G12.2+0.3, G18.6−0.2, G23.6+0.3, 4C−04.71, G29.6+0.1, G32.4+0.1). The remaining ten SNRs with BML regions confirm previous evidence for MC interaction in most cases (G16.7+0.1, Kes 75, 3C 391, Kes 79, 3C 396, 3C 397, W49B, Cas A, IC 443), although we confirm that the BML region toward HB 3 is associated with the W3(OH) H ii region, not the SNR. Based on the systemic velocity of each MC, molecular line diagnostics, and cloud morphology, we test whether these detections represent SNR-MC interactions. One of the targets (G54.1+0.3) had previous indications of a BML region, but we did not detect broadened emission toward it. Although broadened 12 CO J = 2 − 1 line emission should be detectable toward virtually all SNR-MC interactions we find relatively few examples; therefore, the number of interactions is low. This result favors mechanisms other than SN feedback as the basic trigger for star formation. In addition, we find no significant association between TeV gamma-ray sources and MC interactions, contrary to predictions that SNR-MC interfaces are the primary venues for cosmic ray acceleration.
1. INTRODUCTION Supernovae (SNe) inject kinetic energy, momentum, and enriched ejecta into the interstellar medium (ISM) and are thought to be one of the main sources of interstellar turbulence and galactic outflows. An important factor in understanding these processes is the evolution of supernova remnants (SNRs) as their ejecta encounter various phases of the ISM. For example, a large fraction of core-collapse SNe from high-mass stars may explode promptly and interact with the molecular cloud (MC) from which they formed. This hypothesis suggests that the direct interaction between supernova (SN) ejecta and MCs, which we refer to as SNR-MC interactions, may occur at a rate significantly higher than expected from the filling fraction of molecular gas in the ISM (Elmegreen & Lada 1977) . While it has been estimated that as many as half of all SNRs have ejecta in physical contact with MCs (Reynoso & Mangum 2001) , this estimate is highly uncertain and relies on a number of assumptions about massive stars, SNe, and the relation between SNe and MCs.
Detection of SNR-MC interactions has traditionally relied on a number of methods for observing shocked molecular gas directly. Strong, narrow emission from the OH 1720 MHz maser ( 2 Π 3/2 , J = 3/2, F = 2 → 1) is often detected in the vicinity of SNRs, especially those with other signatures of SNR-MC interactions (Goss & Robinson 1968; Haynes & Caswell 1977; Denoyer 1979b ). More recent surveys have established that targeted searches for OH maser emission may be a reliable method of searching for SNR-MC interactions (e.g., Frail et al. 1996 ; Green et al. 1997 ). To date, however, OH masers have only been detected toward ∼ 10% of the 294 known SNRs in our galaxy (Green 2014) , although a lack of detailed spectroscopic information and localization makes it impossible to associate all of these detections with SNRs. This low incidence relative to the expected rate of SNR-MC interactions may be due to the unique physical conditions required for maser emission. OH 1720 MHz masers are collisionally excited behind slow (< 45 km s −1 ) C-type shocks in regions with moderate temperatures and densities (T ∼ 50 − 125 K, n H 2 ∼ 10 5 cm −3 ) (Lockett et al. 1999) . Studies of the warm, diffuse H 2 regions around interacting SNRs indicate that physical conditions are often outside this range ). Regions with higher shock velocities could also depopulate the hydroxyl 2 Π 3/2 state or dissociate the molecule entirely. Convincing evidence of SNR-MC interactions must come from other sources in these cases.
Internal flows within SNRs are expected to become highly turbulent where the SNR shock front interacts with the dense ISM (Jun & Jones 1999) . Molecular lines toward SNRs, such as the rotational transitions of 12 CO, should be velocity-broadened as a result of increased turbulence from a SNR-MC interaction. Shocked MCs are also known to exhibit asymmetric line profiles where these interactions occur (Reach & Rho 1999; Koo et al. 2001; Jiang et al. 2010) . As opposed to the presence of OH 1720 MHz maser emission, the detection of velocitybroadened, broad molecular line (BML) 12 CO relies on more detailed spectroscopic information, especially in faint line "wings" where turbulent broadening is usually most apparent. At the same time, this type of observation offers insight into SNR evolution and the physical properties of both SN ejecta and MCs.
Even if the studies of OH maser emission, BML emission, and other shock indicators are all taken together, only about 60 Galactic SNR-MC interactions have been identified. However, to date there has been no largescale systematic survey for shock-broadened molecular lines. Instead, the interactions have not been identified in a homogeneous manner, but are generally a result of investigations of individual SNRs, notably IC 443, W28, W44, CTB 109, Kes 69, Kes 79, W51C, and Cassiopeia A (Cas A) (Wootten 1977; Denoyer 1979a; Tatematsu et al. 1990; Green & Dewdney 1992; Koo & Moon 1997; Arikawa et al. 1999; Reach & Rho 1999; Zhou et al. 2009; Kilpatrick et al. 2014) . These sources span a wide range of ages and morphologies, from young, shell-like SNRs such as Cas A, through middle-aged and older (> 10 4 yr) remnants, and including mixed-morphology remnants and plerions. A systematic and unbiased survey of broadened CO emission toward Galactic SNRs may yield a larger incidence of such interactions.
The work described in this paper uses CO emission for the first large-scale, systematic search for BML regions toward SNRs. To interpret these observations, we developed an algorithm to identify regions of broadened 12 CO J = 2 − 1 emission where they exist toward each SNR-MC system. We justify these identifications using the approximate systemic velocity at the distance inferred to each SNR, an estimate of the "broadened" CO emission, and the radio continuum morphology of the remnant itself. In this way, we have identified BML regions toward nineteen SNRs in our sample, including nine newly identified candidate SNR-MC interactions.
SOURCE SELECTION AND DISTANCES
The SNRs in our survey were selected from those accessible with the Heinrich Hertz Submillimeter Telescope (SMT) on Mt. Graham, Arizona, (λ, φ) = (−109.8920, +32.7013) . In general, all SNRs with declination greater than −22
• were considered, yielding a sample between Galactic longitude +4.5 and +190 degrees. There are currently 160 known SNRs in this volume (Green 2014) . From this larger sample, we selected SNRs with an apparent size less than 20 ′ in diameter along their largest axis. The targets we observed are listed in Table 1 .
Some targets listed in Table 1 were selected for comparison to our larger sample. These SNRs are wellstudied and large (diameter > 20 ′ ) and in these cases we mapped a smaller subregion of the entire remnant. These targets include CTB 80, CTB 1, HB 3, and IC 443. IC 443 is a well-known SNR-MC system, while HB 3 is suspected to have SNR-MC interactions (Routledge et al. 1991) .
Distances
Reliable distances are critical when characterizing SNRs. In order to draw an association between broadline MCs and the SNRs themselves, a variety of distance indicators exist such as proper motion estimates, radial velocity, H i absorption, and OB associations, each with varying degrees of uncertainty. Where the properties of SNRs and their environments differ, distance indicators can yield estimates with significant disagreement. For example, the distance to G4.5+6.8 (Kepler/SN 1604) has historically been controversial, with estimates ranging from around 4 − 6 kpc (Leibowitz & Danziger 1983; White & Long 1983; Reynoso & Goss 1999; Vink 2008; Chiotellis et al. 2012 ) to 10 − 12 kpc (Milne 1970; Ilovaisky & Lequeux 1972; Borkowski et al. 1992) , although proper motion estimates now favor the closer distance. This lack of agreement between various methods underscores the systematic uncertainties present in all distance indicators, from discrepant optical absorption (Danziger & Goss 1980) to disagreement in the maximum optical brightnesses of historical SNe (van den Bergh et al. 1973) .
For these reasons, we carefully chose distance indicators from among the literature, favoring those determined from proper motion estimates, kinematic estimates from H i absorption and CO associations, and lineof-sight X-ray absorption. The values we chose are given in Table 1 and described in Appendix A. However, for nineteen of the remnants in our survey, we were unable to find reliable distance indicators in the literature. For these objects, we resort to the surface brightness-size or Σ − D relation (Shklovskii 1960; Clark & Caswell 1976 ). This empirical relationship describes SNR evolution with time, whereby the radio surface brightness (Σ) decreases monotonically while the physical diameter (D) increases monotonically. Thus, a power law relationship can be fit such that Σ = AD β (1)
A and β are calibrated using SNRs whose distances are known from other methods. Measuring the radio surface brightness and angular size of the SNR then yields an angular diameter distance. Pavlovic et al. (2014) fit this relationship and derive distances to 225 Galactic SNRs. The authors find the best-fit slope to be β ≈ −5.2. This method involves significant systematic uncertainties and should be used with caution. Distance measurements for some of the SNRs in our sample are taken from this study where we adopt the authors' most probable distance (i.e., the orthogonally fit value from Table 4 in Pavlovic et al. (2014) ). These include sixteen out of the 50 SNRs we observed. We provide our own estimates for the remaining three SNRs, which we describe in Appendix A.
OBSERVATIONS
We mapped the vicinity of 50 SNRs (Table 1, Figure 1 ) with the 10m SMT using the ALMA-type sideband separating 1.3 mm receiver between 2013 April 21 and 2015 May 8. Apart from the size and average RMS noise of each map as given in Table 1 , the observations and reduction for each remnant were identical to those described in Kilpatrick et al. (2014) .
As discussed in § 2, there were several targets for which we did not observe the entire remnant. Rather, we targeted either a region we knew to have broadened lines or an X-ray (i.e., 0.5 − 10 keV) bright region toward any known molecular emission. These objects were used either for comparison to other targets (HB 3, IC 443) or as a targeted search for new BML regions toward large rem- Note. -Distances are those we adopt for this paper, as described in § 2.1. For BML Detection, D: Detected broadened CO feature in this paper, P: Previous SNR-MC interactions as reported in Jiang et al. (2010) . For Type, we report the SNR morphology from Green (2014) where S: shell, C: composite, and F: filled except for G12.0−0.1 which is described as shell-like in Kassim (1992) , G59.8+1.2 which is described as a plerion/filled shell SNR in Sun et al. (2011) , and CTB 80 which is described as an extended plerion/filled shell SNR in Angerhofer et al. (1981) . SNRs whose types have not yet been identified are indicated with a ?. For pulsar, Y: SNR has a confirmed (i.e., timed) pulsar, Y?: SNR has a coincident, compact X-ray or radio source. We include TeV gamma-ray detections by experiment and significance of detection in parentheses for HESS (Aharonian et al. 2006b (Aharonian et al. , 2008b Bochow 2011) , MAGIC (Albert et al. 2007b; Aleksić et al. 2014) , and VERITAS (Acciari et al. 2009 (Acciari et al. , 2011 Aliu 2011) . For references related to detections of pulsars/compact objects as well as previous evidence for SNR-MC interactions: (1) (Torii et al. 1997) ; (2) (Gotthelf & Halpern 2009 ); (3) (Green et al. 1997) ; (4) (Reynoso & Mangum 2000) ; (5) (Hewitt et al. 2008 ); (7) (Gupta et al. 2005) ; (8) (Vasisht & Gotthelf 1997 ); (9) ; (10) ; (11) ); (12) (Reynolds & Moffett 1993 ); (13) (Frail et al. 1996) ; (14) (Reach & Rho 1999) ; (15) (Green & Dewdney 1992) ; (16) (Gotthelf et al. 2005) ; (17) (Biggs & Lyne 1996) ; (18) (19) (Su et al. 2011); (20) (Jiang et al. 2010) ; (21) (Gorham et al. 1996) ; (22) (Keohane et al. 2007 ); (23) (Camilo et al. 2002) • 50 ′ 00 ′′ with dimensions 10 ′ × 10 ′ . These regions were centered on local X-ray enhancements as reported by Lazendic & Slane (2006) . For the other large targets, we used single fields as reported in Table 1 . We analyzed these four remnants and we indicate whether BML regions were detected in each case. However, given the fact that we did not map the entirety of each remnant and some were selected on the basis of previous evidence for SNR-MC interactions, we discount all four in our discussion of SNR-MC interactions (except in § 6.5) as a possible source of bias.
ALGORITHM FOR SELECTING BML REGIONS
FROM OBSERVATIONS 4.1. Data In our analysis, we used the 1 MHz resolution data, which has 512 channels for a velocity range of 667 km s −1 at 230 GHz. For a receiver tuned to the 12 CO J = 2 − 1 and centered at a systemic velocity of 0, we can be reasonably certain that all Galactic molecular emission along the line-of-sight is observed.
The expected velocity range of the CO spectrum at each distance is determined by assuming a 50% uncertainty on the distances we assume to each SNR, which agrees with typical fractional errors for distances calculated using the Σ − D relation (Pavlovic et al. 2014) . Comparison with the Clemens rotation curve (Clemens 1985) allows us to limit the velocity range over which MCs might exist that are interacting with a SNR. We extend this range by 15 km s −1 at either end of the range in order to account for systematic errors in finding BML regions associated with SNRs (see, e.g., § 4.5.1). Figure 2 demonstrates this method for the known BML region toward 3C 391. The distance to this SNR is taken to be 7.2 ± 3.6 kpc, which at Galactic coordinates l = 31.9, b = 0.0 corresponds to a systemic velocity range of +59 to +102 km s −1 or +44 to +117 km s −1 with the added velocity range.
Summary of BML Region Algorithm
Within the range of permitted velocities for each SNR, we imposed criteria on the line width and profile of observed molecular emission which we describe and justify in § 4.3. In summary, these criteria are:
• We required CO emission to be detected at 3 T rms (the root mean square of emission in the line-free spectrum at each pixel as in Table 1 ) in every spectral channel we used to calculate the line profile.
• We used only five spectral channels for the width determination.
• We required that the line profile not include secondary maxima.
• We required the FWHM of observed 12 CO lines > 6 km s −1 .
The purpose of these criteria was to identify regions of molecular emission that correspond with disturbed molecular gas where a SNR-MC interaction has occurred. At the same time, we attempted to minimize false positives, e.g. due to molecular emission overlapping in velocity-space, and false negatives, e.g. where interactions are subtle and exhibit small velocity-widths, the CO line is weak, or strongly asymmetric line profiles are present.
Criteria for Possible Interactions
For clouds with sizes on the order of a few parsecs, quiescent 12 CO line widths are typically ∼ 2 − 3 km s −1 (Heyer & Brunt 2004) . Therefore, we adopted a threshold of a 6 km s −1 FWHM to indicate BML regions. We evaluate and discuss the validity of this threshold in § 4.5.2.
Furthermore, BML regions can have asymmetric line profiles where the molecular gas has been shocked and accelerated. In addition to large line widths (i.e., > 10 km s −1 ) at negative or positive velocities relative to the peak, the line profile is characterized by faint wings where turbulent acceleration of molecular gas is apparent. This line profile can be confused with multiple MCs along the same line-of-sight (e.g., toward the Galactic Center) resulting in superimposed emission in the spectrum of a small region or even a single pixel. Thus, identifying BML regions ideally relies on as small a region as possible with as few spectral channels as possible.
To account for line widths, asymmetry, and molecular emission from multiple sources along a line-of-sight, we developed an algorithm for identifying BML regions in 12 CO J = 2 − 1. Initially, we constructed a list of individual spectral channels by examining the spectrum at each pixel. Where the 12 CO emission in individual spectral channels exceeded 10 T rms and represented a local maximum, we flagged that channel for analysis. These flagged spectral features span the entire data cube and represent the line peaks of individual emission features in our data.
At 230 GHz and for a spectrum with 1 MHz resolution, the 6 km s −1 velocity-width threshold we adopted corresponds to a feature whose FWHM is 4.6 MHz or roughly five spectral channels. Thus, to measure the line width of a broad feature, we required at least five channels or four channels in addition to the flagged local maximum of a spectral feature.
Confusion where a single spectral channel contains emission from multiple MCs can be problematic. In part, we minimized confusion by limiting the number of channels we used to measure line widths to the absolute minimum. However, this method does not preclude the scenario in which two molecular features with narrow widths (i.e., > 3 km s −1 ) are separated by less than their half widths in velocity-space. Therefore, in addition to the requirements described above, our algorithm stipulates that the emission on either side of the line peak must decrease monotonically in each channel and that the emission in each channel exceeds 3 T rms . Finally, using the five spectral channels around each flagged line peak, we measured the line widths using a method that accounts for possible asymmetries in the line profile. We took the spectrum at a particular pixel (x 0 , y 0 ) and channel v 0 corresponding to one of the flagged local maxima in our data cube. Here, we use the antenna temperature at a particular pixel, T * a (v) = T * a (x 0 , y 0 , v). Next, we measured the velocity centroid v c of the line peak around v 0 by calculating the first moment of the spectrum
We then evaluated the second moment of the spectrum in this range,
This statistic is the velocity dispersion of the spectrum around the line peak. For a Gaussian line profile, the FWHM = 2.355σ. For comparison to other line indicators, we used the velocity-width statistic ∆v = 2.355σ. If this value exceeds 6 km s −1 , the peak of the corresponding line profile is flagged in our data cube as a BML. For SNRs with newly identified BML regions, we give the total number of pixels with BML identifications in parentheses in Table 2 .
BML Region Identification
As described in § 4.3, local maxima in the spectrum at each pixel are flagged if the line profile calculated at that point matches the outlined criteria. In this way, we can construct a separate "flagged" data cube with dimensions equal to the original data cube, that is, the antenna temperature T * a (x, y, v) . This "flagged" data cube has F (x, y, v) = 1 if the spectrum at position (x, y) and in the velocity channel v meets our criteria, and F (x, y, v) = 0 otherwise.
We can further break down the "flagged" data cube into regions by using a group-finding algorithm simultaneously in spatial coordinates and velocity-space. For the purposes of this analysis, the definition of BML regions will ultimately depend on the physical significance Orange contours are 20 cm radio continuum emission of the remnant from Reynolds & Moffett (1993) . Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR. Note. -The number of pixels corresponds to the total number of pixels associated with BML regions ( § 4.4, § 5.3) . In parentheses, we report the total number of BML detections ( § 4.3), including those ruled out as potential BML regions as described in § 4.4. The velocity estimatē v c is a signal-weighted averaged of the velocity centroid from all BML detections toward each SNR ( § 4.4). The velocity-width ∆v is an average of each BML detected toward the SNR. The distances d v c and d Table 1 are the distance to each SNR as determined from the rotation curve at v c and the distance reported in Table 1 , respectively. When calculating the former value, we prefer distances that are closer to the latter in order to resolve the distance ambiguity.
of these groups.
As described in § 3, our 12 CO J = 2 − 1 observations were performed with a 10m diameter telescope at 230 GHz with a FWHM beam of 33 ′′ . Each data cube was constructed by taking observations spaced 10 ′′ apart. In our analysis, detection of pixels with broad lines whose centroids lie within each others' FWHM and within a radius of 2 pixels represents a single BML region. For BML regions that appear extended on the sky, we can define groups that span several pixels, provided the broadline detection is approximately at the same velocity (i.e., within a window spanning ∆v measured for each BML).
A velocity centroid is measured for each BML detection representing a local maximum in the 12 CO spectrum. However, each of these points is biased by the way in which we construct the original data cube T * a , and the determination of a group of BML detections must be physically significant. In the same way, the velocity centroid of each local maximum must be tied in some way to the actual velocity centroid for the entire BML region with which it is associated. Therefore, we utilized a signal-weighted average to measure this value, for which the BML region velocity centroid (v c ) is defined by the number of local maxima it includes (N ), the Gaussian amplitude of each local maximum (T * a,i ), and the velocity centroid calculated (v c,i as described in § 4.3)
For newly discovered BML regions toward SNRs, we report in Table 2 the number of BML pixels we detect toward each remnant, the signal-weighted velocity centroid as described above, and the average velocity-width of all BML detections toward the SNR. Finally, we recalculated the distance to each remnant using the signalweighted velocity centroid as a prior for the Clemens rotation curve and we report this distance in Table 2 . In order to resolve the distance ambiguity, we chose the distance closest to our original estimate from Table 1 .
The agreement between the distances reported in Table 1 is variable, although nearly always within the 50% uncertainty on the original estimate given the prior we used to find associated CO emission ( § 4.1). In some cases, these values are very close to the original distances, especially for G08.3−0.0, G18.6−0.2, 4C−04.71, and G29.6+0.1, where the distances were estimated from the Σ − D relation for the first three objects and X-ray H i column density for the latter.
BML Region Examples: 3C 391 and Cas A
We applied our algorithm to two test cases involving known SNR-MC systems: 3C 391 ( § 4.5.1) and Cas A ( § 4.5.2). In this way, we demonstrate the types of BML regions selected by our algorithm and the accuracy of the measurements. These two systems present unique problems that must be addressed in identifying BML regions in a large sample of 12 CO J = 2−1 data. Here, we discuss previously detected signatures of BML regions toward each remnant and the underlying SNR-MC interactions they may trace. From these examples, we examine the extent to which our algorithm can be optimized.
3C 391
Several observations of 12 CO targeted on 3C 391 have revealed the presence of broadened molecular features from +90 to +110 km s −1 (Sanders et al. 1986; Wilner et al. 1998; Reach & Rho 1999) . The emission exhibits significant broadening relative to the ambient gas, with 12 CO J = 2−1 line widths exceeding 20 km s
in some regions ( Figure 2 ). This emission has consistently been interpreted as a signal of postshock gas. The molecular line profiles also exhibit a bright, narrow component (∆v ∼ 2 km s −1 ) at the same velocities and peaking in the same region. This observation suggests an association between molecules of significantly different temperatures and densities and presents a challenge when identifying regions of shocked molecular gas. One hypothesis for the presence of the narrow component is that it arises from cooler, less turbulent gas reforming behind a dissociative shock (Reach & Rho 1999) . That is, while the narrow component may be associated with the SNR shock, in some regions it could be superimposed upon and dominate the line profile from the broadened emission. Under this hypothesis, we might only detect BML regions where the SNR-MC interaction is ongoing or recent. Thus, detection of recently shocked gas in 12 CO may be extremely sensitive to the criteria for identifying individual line components (i.e., local maxima) in the spectrum. In our analysis, we selected all the local maxima in velocity-space whose signal exceeds 10 T rms . In this way, our criteria are unbiased by the coincidence of narrow and bright line components with broad and faint components as in 3C 391.
One caveat is that false detections can occur where the local maxima are close together in velocity-space; for example, we might report no detection if the narrow component was within 2 spectral channels of the broad component. In this case, additional information on the line profile would be necessary to calculate an accurate line width. While this scenario does not occur in 3C 391, one could imagine dissociated molecular gas reforming behind a shock whose narrow emission peaks at roughly the same systemic velocity as the undissociated, turbulently broadened component. As a follow-up to our initial analysis, we modified our requirement for the five channels to include scenarios where the line profile does not decrease monotonically for two channels on either side of the local maxima. While we still required five velocity channels, we extended the channel window on either side of the line profile to avoid contamination from other emitting regions in velocity-space.
As we demonstrate in Figure 2 (left), the well-studied, shocked MC toward 3C 391 is located to the south of the remnant along a region of bright radio continuum. The 12 CO spectrum in this region is significantly broadened in a feature centered around a systemic velocity of +112 km s −1 as seen in Figure 2 (right). Our data is of sufficient spatial and spectral resolution to resolve and confirm the narrow and broad spectral features toward this cloud.
Another important point that arises when examining similar BML regions is that the +112 km s −1 line appears to lie outside the velocity range inferred for an object at l = +31.9 and d = 7.2 ± 3.6 km s −1 , and the broad profile itself is at least 15 km s −1 from the maximum velocity allowed within this range. The remnant appears to be near the tangent point of the Galactic rotation curve at this velocity (+102 km s −1 ), but the MC is slightly redshifted with respect to this velocity. Given that the shock interaction with the MC has been confirmed in multiple wavelengths and is generally assumed to be associated with the remnant, one hypothesis for the velocity discrepancy is that remnants may accelerate MCs in an ongoing interaction. This point underscores the need for care in treating SNR-MC interactions whose distances are near the tangent point of the rotation curve along a particular line-of-sight. As we describe in § 4.1, we extend the velocity window used as a prior in our CO spectra by 15 km s −1 at either end to account for this potential problem toward other SNRs. 4.5.2. Cas A Cas A exhibits subtle indications of a SNR-MC interaction in several ways. Warm CO gas (T ∼ 20 K) directly to the west of the SNR implies some source of energy to heat the cloud (Wilson et al. 1993) . There is also a correlation between the brightest portions of the radio shell at 1 GHz, nonthermal X-ray emission, and the radio spectral indices in the same region suggesting that the ejecta are encountering a denser medium Keohane et al. 1996) . In the near-infrared K s band, strong nonthermal emission occurs in the same regions (Rho et al. 2003) . These observations are consistent with an interaction scenario, although they do not conclusively point to the presence of a SNR-MC interaction.
Recent results indicate that hard X-ray emission above 15 keV toward Cas A is dominated by the western half of the remnant (Grefenstette et al. 2015) . Knots of bright emission in nonthermal emission are consistent with steep spectral indices in the X-ray and some change in the physical environment. These knots are coincident with bright radio emission and the large MC to the west of Cas A. Further evidence of an ongoing interaction scenario may come from changes in this and other nonthermal emission on short timescales.
In the MC itself, H 2 CO absorption studies suggest that certain species are broadened to as much as 5.5 km s −1 (Reynoso & Goss 2002) . Similarly, slight broadening in 12 CO J = 1 − 0 up to 4.5 km s −1 is observed (Liszt & Lucas 1999) , while line widths in 12 CO J = 2−1 range from 6.2 − 6.7 km s −1 (Kilpatrick et al. 2014 ). Thus, evidence for a SNR-MC interaction toward Cas A is strongly correlated in the X-ray, radio, near-infrared, and sub-millimeter, but the overall result in 12 CO J = 2 − 1 is subtle. In order to detect BML regions toward similar SNR-MC interactions, we must rely on a precise constraint in the velocity-width.
Optimizing this constraint might be achieved by comparison with narrow molecular emission in the same field. Line widths of narrow components in the Cas A field range from 2.5 − 3.4 km s −1 , or about half of the "broadened" line widths. Therefore, one criterion for "broadened" emission might be: can we divide these emission lines into distinct "narrow" and "broad" categories? For example, how sensitive is the identification of BML regions to the velocity-width constraint we applied in § 4.3? We illustrate this point in Figure 3 (right) where we compare broadened features to unbroadened emission as determined by our analysis. The regions with the broadest 12 CO line widths are qualitatively different from regions with narrow molecular lines.
Furthermore, we report the total number of pixels selected by the BML algorithm for newly identified BML regions in Table 2 , which includes pixels that were ruled out as potential BML regions by the criteria described in § 4.4. For newly identified BML regions, the algorithm selects these pixels with little contamination from other positions. That is, the total number of BML pixels identified using the criteria described in § 4.3 is generally 75 − 85% the number of BML pixels we determine are associated with the SNR as described in § 4.4. We interpret this result to mean that a 6 km s −1 velocitywidth threshold may be close to optimal for identifying BML regions toward SNRs and therefore minimizes false positives from spurious detections of, for example, overlapping molecular lines. Jiang et al. (2010) compare molecular line studies to other traditional detection methods for SNR-MC interactions. These include detection of the OH 1720 MHz maser, morphological correspondence between a SNR and a MC, molecular line emission with a large high-tolow line ratio such as 12 CO J = 2−1/J = 1−0, detection of near-infrared emission from shock excitation such as [Fe II] or H 2 emission, and infrared colors consistent with molecular shocks.
Comparison to Other BML Region Indicators
It is valuable to utilize as many of these indicators as possible, and in our analysis we rely on morphological correspondence between the SNR in radio emission and the MC as well as reports of OH 1720 MHz maser emission. However, the detection of broadened 12 CO line emission is a unique tool for tracing SNR-MC interactions in our galaxy. Spectroscopic information is vital for identifying the systemic velocity of molecular gas and therefore associating the kinematic distance to molecular emission with distances to SNRs. This information reduces the probability of confusion by any chance alignment of a shock tracer with a SNR. Carbon monoxide is also the second most abundant molecule and possesses one of the highest bond-dissociation energies of any diatomic molecule. Therefore, we would expect CO to be more easily visible and less susceptible to dissociation behind a SNR shock than OH, H 2 or any other molecular shock tracer. Finally, broad, low-J CO emission is a direct tracer of disturbed gas in a MC, as opposed to line emission from atomic species or near-infrared colors which do not directly or unambiguously trace the molecular gas. Probing the MC for molecular shocks and then drawing an association with the SNR is well-suited for finding SNR-MC interactions, even in a large survey.
RESULTS
We applied the BML region algorithm to the 12 CO J = 2 − 1 spectra (Figure 1 ) toward all 50 SNRs in our sample to determine the location of broadened CO features. The algorithm revealed broad-line detections toward nineteen SNRs, including nine previously unidentified SNR-MC systems. For the other ten systems with coincident BML regions, we discuss our detections toward known SNR-MC systems in the context of previous studies in § 5.1. One of the remaining 31 SNRs, G54.1+0.3, had previous indications of a BML region. We argue in § 5.2 that the associated MC may not be velocity-broadened. Finally, in § 5.3, we discuss the results of our algorithm for newly identified SNR-MC systems and compare these detections to the observed properties of the SNRs themselves. For reference, we include a discussion of previous observations for some remnants in Appendix B, where we discuss details of the radio continuum, OH maser detections, and pulsar observations.
SNRs with Previous Detections Supporting
SNR-MC Interactions BML regions were detected toward ten SNRs with known SNR-MC systems. Here we compare the characteristics of the detected BML regions to results from previous studies.
G16.7+0.1 was observed to have a SNR-MC interaction by Reynoso & Mangum (2000) . The authors report detection of a small MC in 12 CO J = 1−0 at +25 km s
and coincident with OH maser detections to the south of the remnant. The CO emission from this cloud is seen from +25.1 to +25.9 km s −1 . The cloud is small (2.1×10 3 M ⊙ , n H 2 = 260 cm −3 ) and has a CO line width of only 1.5 km s −1 , consistent with the line width of an ambient MC approximately 3 pc in size (Heyer & Brunt 2004) . Reynoso & Mangum (2000) report detection of two other MCs toward G16.7+0.1, which they call the "central" and "northwestern" clouds, at systemic velocities between +25 and +27 km s −1 . The central cloud is located directly to the east of the brightest 5 GHz enhancement in the remnant, implying a possible connection between nonthermal emission and the MC. The reported morphological correspondence, small size of the central cloud (1.8×10 3 M ⊙ ), and moderately broadened CO profile (∆v ∼ 4.4 km s −1 ) are all characteristic of a SNR-MC interaction.
The northwestern cloud appears along the sharp boundary of the SNR shock front. While this evidence may indicate physical contact between the SNR ejecta and molecular gas, there is little indication in 12 CO J = 1 − 0 emission to suggest an interaction scenario. The cloud extends to the northwest of the rem- Orange contours are 20 cm radio continuum emission of the remnant from Anderson et al. (1991) . Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
nant as part of a larger complex, its observed line width (∆v ∼ 2.7 km s −1 ) is only slightly larger than the surrounding gas, and no other signs of SNR-MC interaction appear in this region.
This potential interaction region may be supported by the presence of enhanced TeV gamma-ray emission, although the detection is just below the 5σ limit traditionally used to identify TeV sources (Table 1) .
In 12 CO J = 2 − 1, we detect the same molecular emission as seen in 12 CO J = 1 − 0 emission toward G16.7+0.1 at a systemic velocity of +25 km s −1 . Toward the emission that Reynoso & Mangum (2000) identify as the "southern cloud," some pixels appear velocitybroadened in 12 CO J = 2 − 1 to a width of around ∆v = 9.6 km s −1 . This value contrasts with the smaller velocity-width in J = 1 − 0 of 1.5 km s −1 and suggests a recent or fast shock may be responsible for the large observed line widths. While this width is broad compared to emission observed in 12 CO J = 1 − 0, it is also consistent with other shock indicators. The southern cloud is the site of OH maser emission as well as a significant enhancement in the radio continuum. We do not detect any broadened emission at the positions of the other clouds in this region.
Kes 75 was first observed to have a BML region in 12 CO J = 1 − 0 . A large MC is coincident with the northern half of the remnant and at a systemic velocity between +45 and +58 km s −1 . The evidence for interaction is in the broadened blue wing of this feature (+45 to +51 km s −1 ). This asymmetric and broadened feature is spectroscopically similar to the SNR-MC interactions seen toward IC 443 and 3C 391. Kes 75 is also the site of a strong TeV gamma-ray source (Djannati-Ataï et al. 2008) , although this emission is thought to be associated with a pulsar wind nebula in the remnant itself.
We confirm the BML detection in 12 CO J = 2 − 1 around +53 km s −1 . Broadened molecular emission appears extended along the north and west of the remnant and is coincident with the brightest regions of 20 cm continuum emission. This observation is also consistent with detection of broadened emission in 12 CO J = 1 − 0 where line widths were observed to be on the order of 3.7 km s −1 . In our analysis, we find broader line widths in 12 CO J = 2 − 1 up to 9.2 km s −1 . 3C 391 is discussed in § 4.5.1. Kes 79 was observed to have a SNR-MC interaction in bright 12 CO J = 1 − 0 emission to the east and south of the radio shell of the remnant. This morphological correspondence between the SNR and MC strongly implies an association between these objects (Stanimirović et al. 2003) . The CO line profile at these positions is centered around +103 km s −1 with an integrated intensity of 75.9 K km s −1 and a peak brightness temperature of ∼ 8 K. Thus, the line has an approximate equivalent width of ∼ 9 km s −1 , consistent with a shock-broadened cloud. However, the observation of 12 CO J = 1 − 0 was performed with the NRAO 12 m telescope and a beamwidth of 45 ′′ . The integrated intensity measurements reported in Stanimirović et al. (2003) are ambiguous and may include line emission from multiple, ambient MCs and not a single, shocked cloud.
We confirm detection of velocity-broadened 12 CO emission in J = 2 − 1 from +99 to +109 km s −1 toward Kes 79. Broad line detections extend across the MC from southwest toward the northeast of the remnant with velocity-widths up to 8.8 km s −1 . Agreement between our 12 CO measurements and previous observations, as well as the OH measurements at similar velocities (Appendix B), argues for the presence of a SNR-MC interaction toward this remnant.
3C 396 is observed to have a possible SNR-MC inter-action in 12 CO J = 2 − 1 and J = 1 − 0 emission, where a bright cloud appears between +67 and +72 km s −1 (Su et al. 2011) . At these velocities, the coincident MC extends around the remnant, with emission on the blue end of the line profile concentrated to the north and east and extending clockwise around the remnant toward redshifted emission along the western edge. This detection represents strong morphological agreement between the structure of the MC and the SNR. The spectral lines themselves exhibit signs of broadening, with an asymmetric profile and broad wings toward redder velocities in the eastern emission and blueshifted broad wings in the southwestern emission. In some regions, these line profiles have widths > 10 km s −1 . The presence of broadened molecular emission along the western edge of 3C 396 as well as the OH maser at the same velocity argues for the presence of a SNR-MC interaction.
We detect velocity-braodened 12 CO J = 2 − 1 emission centered around +69 km s −1 to the north of the remnant and extending to the west where the broadened emission is centered around +77 km s −1 . The detected broad line widths are generally between 6.6 and 7.6 km s −1 . These broad-line detections are not bright or significantly enhanced compared to surrounding material. While our analysis supports the presence of a SNR-MC interaction, detailed analysis of this region may reveal shocked material that is not significantly distinct from the surrounding gas.
Evidence for a SNR-MC interaction toward 3C 397 comes from 12 CO J = 1 − 0 observations performed with the 13.7 m telescope at the Purple Mountain Observatory at Delingha (Jiang et al. 2010) . These data reveal a MC at +32 km s −1 and to the north and west of the remnant. At these positions, the SNR shock appears to be embedded in the MC and morphological correspondence between the 12 CO and SNR radio continuum emission imply the objects are interacting. The CO emission in these regions indicates that the MC emits a line profile with broad blue wings (+28 to +31 km s −1 ), consistent with acceleration from a SNR-MC interaction. The authors report a FWHM line width of 2.5 km s −1 toward the MC at this velocity.
We confirm detection of velocity-broadened emission along the western edge of the remnant and centered at a systemic velocity of +31 km s −1 . The blue wing is not as bright in 12 CO J = 2 − 1 emission as in the lowerexcitation line, although the overall line profile appears to be enhanced to ∆v = 6.2 km s −1 . Toward W49, evidence for a SNR-MC interaction can be seen in 13 CO J = 1 − 0 emission (Simon et al. 2001 ). Broad lines have been detected at a systemic velocities from 0 to +20 km s −1 in multiple components and with a narrower line profile centered at +16 km s −1 . Averaged over the entirety of W49B, the line profile has a width of ∼ 10 km s −1 , although the spatially resolved emission is likely narrower.
We detect broadened 12 CO J = 2 − 1 emission toward W49B in the same velocity range and centered at a systemic velocity of +14 km s −1 . Regions of broadened emission are seen to the west of W49B, and the majority of our detections come from a cloud located along the southwestern boundary of the remnant. In this region, we report BML detections with widths of ∆v = 10 km s −1 . While this finding agrees with previous detections of broadened molecular emission, some interpretations argue against the presence of a SNR-MC interaction to the southwest of W49B. Lacey et al. (2001) found that lowfrequency radio emission in this region is almost completely attenuated, and the intervening molecular material responsible for absorption may only be seen toward the remnant in projection. However, at higher frequencies W49B becomes significantly brighter. Indeed, at 90, 20, and 6 cm, the southwestern portions of the shell show significant local enhancement (Moffett & Reynolds 1994) . Added to this fact is the observation that spectral indices appear to flatten to the southwest of W49B. It may be that this region is not enhanced in nonthermal emission. Overall, the evidence for the presence of a SNR-MC interaction is ambiguous, though our observations support the presence of an interaction scenario. Detailed characterization of the physical properties in the gas itself is needed to further verify the presence of a SNR-MC interaction.
Cas A is discussed in § 4.5.2. Evidence for a potential SNR-MC interaction toward HB 3 was reported by Routledge et al. (1991) , in which the authors perform H i line mapping and 12 CO J = 1−0 observations. Toward this remnant, a bright 12 CO "bar" is coincident with a region of enhanced radio emission near l = +134
• , b = +1
• and extending east in Galactic coordinates. This morphological correspondence suggests the SNR is interacting with the cloud and a region of enhanced particle acceleration is seen in the SNR ejecta. Evidence from Shi et al. (2008) supports this hypothesis where radio continuum from 1.4 to 4.8 GHz is brighter toward the 12 CO cloud. The spectral indices at these frequencies appear to steepen to α = −0.61. Emission from the MC itself extends to the south of the remnant, roughly in the direction of the OH maser detection, and the line profile peaks at a velocity of −43 km s −1 . However, the W3 H ii region is embedded in a MC at −40.5 km s −1 , and it is certain that the 12 CO "bar" at −43 km s −1 is associated with this cloud. Bieging & Peters (2011) detect bright 12 CO J = 2 − 1 and J = 3 − 2 emission centered on W3(OH) in this same region. The correlation between the H ii region, high lineratio 12 CO emission, and 1.1 mm dust continuum from the Bolocam Galactic Plane Survey (Rosolowsky et al. 2010) argues that these BML regions are not associated with HB 3.
We detect 12 CO J = 2 − 1 emission in this region and centered at a systemic velocity of −40 km s −1 . Our spectral analysis confirms that this emission is broadened, up to ∆v = 12.7 km s −1 , although generally to a velocity width of ∆v = 7.6 to 8 km s −1 in 12 CO J = 2 − 1. IC 443 is a well-observed SNR with several indications of a SNR-MC interaction. This interaction was first identified in broadened CO emission by Cornett et al. (1977) and has been confirmed by detection of molecular species toward the associated MCs (White et al. 1987; Xu et al. 2011) , OH 1720 MHz emission (Claussen et al. 1997; Hewitt et al. 2006) , and H 2 emission (Denoyer 1979b,a; Burton et al. 1988) . The physical conditions toward IC 443 are well-suited for every shock interaction tracer traditionally used to identify SNR-MC interactions. As a result, this region is one of the most luminous molecular hydrogen sources in the galaxy. The interacting MC generally exhibits linewidths of > 30 km s −1 , up to 90 km s −1 toward the most turbulent molecular gas (White et al. 1987 ). This result has been confirmed in several molecules, probing molecular gas of densities up to 3 × 10 6 cm −3 (van Dishoeck et al. 1993 ). The SNR itself has a composite morphology and appears evolved, with an inferred age of ∼ 2 × 10 4 (Leahy 2004; Lee et al. 2008) . The overall radio morphology of the remnant was described by Braun & Strom (1986) in 327 MHz continuum emission. Two main subshells (shells A and B) make up the majority of the remnant in radio continuum emission. Shell A appears brighter and is coincident with the molecular shock indicators along its southern boundary and across the center of the remnant as a whole. The western edge of this shell appears to be associated with both the OH maser emission and TeV gamma-rays (Albert et al. 2007a) .
Given its approximate age and the assumed distance of ∼ 1.5 kpc, IC 443 has a large apparent size on the order of 1
• . We targeted a section of the remnant toward its center and along the southwestern edge of shell A. The shocked 12 CO emission peaks around −17 km s −1 in this region and extends blueward in a broad, asymmetric line profile. Our observations centered on a bright cloud referred to as shock clump B in Denoyer (1979b) . We measured velocity-widths in 12 CO J = 2 − 1 toward this region ranging from ∆v = 7.6 to 28 km s −1 .
Non-Detection Toward G54.1+0.3
G54.1+0.3 was targeted with 12 CO J = 2 − 1 observations in Lee et al. (2012) . A large MC at +23 km s −1 extends along the north of the remnant, with a bright central core to the northeast of the remnant. The morphological correspondence between the outer blastwave of the SNR and the MC is not strong, with at least 30 ′′ separation between the 20 cm contours of the remnant and the MC. Lee et al. (2012) report a FWHM of 7 km s −1 at +23 km s −1 across the entire cloud. Our observations indicate that the broad feature detected around +19 km s −1 with ∆v ∼ 11 km s −1 (Lee et al. 2012 , see Figure 13 , therein) is at least two clouds blended over the 30 ′′ grid spacing applied in this study. While the broad and narrow components of emission at these velocities can be separated from +15 to +30 km s −1 , the broad component is further separated into two features centered at +20 and +23 km s −1 (Figure 4 ). These components are resolved in our spectra. However, these features may have been smoothed into a single, broad-line component in Lee et al. (2012) given the larger beam (48 ′′ ) from the 6-m Seoul Radio Astronomy Observatory Telescope. In contrast to the Gaussian component analysis over a large region, our pixel-by-pixel analysis of the molecular emission reveals no indication of > 6 km s −1 velocity-broadening.
Newly Identified SNR-MC Systems We detected broadened molecular features toward nine SNRs with no previous indication of SNR-MC interactions:
G08.3−0.0, G09.9−0.8, G11.2−0.3, G12.2+0.3, G18.6−0.2, G23.6+0.3, 4C−04.71, G29.6+0.1, G32.4+0.1. In this section, we discuss the characteristics of the interaction as identified by our BML region algorithm along with previous work on the associated SNRs. Our results from the detection of velocity-broadened regions toward each remnant are summarized in Table 2 . For comparison with each remnant, we use 90 cm radio continuum contours from Brogan et al. (2006) (hereafter, BGGKL06) where l < +22
• and NVSS 1.4 GHz contours (Condon et al. 1998) for the remaining objects.
5.3.1. G08.3−0.0 G08.3−0.0 was initially identified in 20 cm emission by Helfand et al. (2006) and subsequently confirmed by BGGKL06 at 90 cm as a small (5 ′ × 4 ′ ) SNR with shelllike morphology. The remnant has flux density 1.0 Jy at 20 cm, but its morphology suggests an enhancement in surface brightness toward the east. A subsequent search for associated OH maser emission at 1612, 1665, 1667, and 1720 MHz with the Green Bank Telescope (GBT) yielded a single-dish detection with no velocity information or localization (Hewitt & Yusef-Zadeh 2009) . Of particular note is a TeV gamma-ray detection reported toward this remnant (Higashi et al. 2008 ). The gammaray emission was observed with a 7 ′ offset from the center of G08.3−0.0 and detected with ∼ 14 ′ resolution. Given the position of the remnant relative to the gamma-ray detection, there is reason to believe that the gamma-ray source originates from the northern half of this SNR.
In projection, the radio contours of G08.3−0.0 appear to flatten toward the northwest ( Figure 5 ) coincident with a MC between −0.7 and 4.6 km s −1 . The spectrum of the molecular emission in this region appears velocitybroadened with 12 CO Gaussian widths fit between 6.5 and 9.0 km s −1 . The coincidence of this broadened 12 CO along with the morphology of the remnant, the possible OH maser toward this position, and the gamma-ray source associated with this region support the presence of a SNR-MC interaction at this location at a systematic velocity near +2.6 km s −1 . We note that the velocity centroid of the BML region and the kinematic distance inferred from this velocity, d = 16.4 kpc, is also in good agreement with the value given by the Σ − D relation (16.3 kpc).
5.3.2. G09.9−0.8 G09.9−0.8 has been observed to have typical radio shell-like morphology (BGGKL06). Its spectral index between 90 and 20 cm is Crab-like (α = −0.4) implying nonthermal emission from the SNR. There may also be confusion with thermal emission from other sources, which suggests that the SNR has a steeper spectral profile in agreement with enhanced particle acceleration. Hα emission toward the remnant is correlated with nonthermal emission at 1.4 GHz along the northern edge of the remnant (Stupar & Parker 2011) . This trend implies a connection between regions of strong SNR-ISM interac- level we used in our analysis.
Fig. 5.-(Left) Integrated
12 CO J = 2 − 1 emission toward G08.3−0.0 from −2 to +6 km s −1 . Orange contours are 90 cm radio continuum emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR. tion and nonthermal emission from the SNR along that edge of the shell.
We observe an association between a bright region of 90 cm radio emission and a MC toward the southwest of this remnant ( Figure 6 ). The molecular emission appears at a systemic velocity of +27 to +33 km s −1 and extends in a small arc toward the center of the remnant. The region of velocity-broadened emission is concentrated toward a peak in the 90 cm contours, and the molecular emission to the east of this peak exhibits the most velocity-broadening. The 12 CO Gaussian widths of the velocity-broadened emission in this region are fit between 6.6 and 9.1 km s −1 .
5.3.3. G11.2−0.3 G11.2−0.3 was identified as a SNR by Shaver & Goss (1970) at 408 and 5000 MHz. These observations revealed a small remnant (4 ′ ) with a steep spectral index of α = −0.52. Follow-up with ASCA indicated there is a 65 ms pulsar toward the center of the remnant (Torii et al. 
-(Left) Integrated
12 CO J = 2 − 1 emission toward G09.9−0.8 from +26 to +34 km s −1 . Orange contours are 90 cm radio continuum emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR. 1997). Subsequent radio detection of the remnant in BG-GKL06 revealed a probable shell-like SNR with a flux density at 20 cm of approximately 0.6 Jy. Emission from the remnant at 90 cm appears locally enhanced around the shell, and especially to the east and northwest. Detection of OH maser emission has been reported from GBT observations (Green et al. 1997) , however, the lack of precise position and velocity information makes it difficult to associate the OH maser with the SNR. There appears to be a strong TeV gamma-ray source extended to the northwest of the remnant and HESS detects emission toward G11.2−0.3 at 5.5σ (Bochow 2011) .
We detect velocity-broadened molecular emission toward this remnant from +29 to +36 km s −1 . At these velocities, emission extends from the southeast to the north of the remnant, roughly coincident with the bright shell of G11.2−0.3 as seen in 90 cm contours (Figure 7) . Regions of velocity-broadened emission lie mostly toward the northern molecular emission, with some detections interior to the main radio shell. The Gaussian line width of velocity-broadened emission in this region is between 6.6 and 9.1 km s −1 .
5.3.4. G12.2+0.3 G12.2+0.3 was discovered in BGGKL06 as a small, partial shell-like remnant. The radio spectral index from 90 to 20 cm is steep with α ∼ −0.7. The weak flux density at 20 cm combined with the size suggest that the remnant has d > 10 kpc, and the Σ − D relationship implies a distance of 15.6 kpc. 1720 MHz OH maser emission has been detected toward this remnant in singledish observations with no reported velocity information or localization (Hewitt & Yusef-Zadeh 2009) .
We detect velocity-broadened 12 CO emission coincident with this remnant at a systemic velocity of +50 km s −1 (Figure 8 ). The broadened molecular emission lies toward the eastern shock front of the remannt and to the north of the brightest region in 90 cm continuum emission. This emission is weakly detected in two pixels of our map, and the velocity-width between the two BML detections extends from 6.6 to 7.2 km s −1 . However, the morphology of the coincident MC and SNR are suggestive of an interaction at this velocity. As seen in projection, the shape of the SNR appears flattened to the east and along the boundary of the SNR. This shape contrasts with the northwest edge of the SNR where the shell structure appears much fainter and more extended. We infer that the eastern shock front is deccelerated relative to the rest of the remnant, which would require a significant density enhancement in the ISM. 5.3.5. G18.6−0.2 G18.6−0.2 was first confirmed as a SNR by BGGKL06 in 90 cm continuum emission, although Helfand et al. (2006) listed the source G18.6375-0.2917 as a "highprobability supernova remnant candidate" before this confirmation. Subsequent detection at 20 cm identified a partial shell with a spectral index of α = −0.3. The remnant is small (∼ 6 ′ ) and faint in 90 cm emission (1.9 Jy), in agreement with a far distance as determined from the Σ − D relation (13.2 kpc). As shown in Figure 9 , the region of brightest radio continuum emission toward this remnant extends in an arc to the east with fainter lobes of emission to the southwest and north.
We find evidence for a SNR-MC interaction to the north of the remnant at a systemic velocity of +44 km s −1 . The MC in this region covers most of the northern and western half of the SNR, although the disturbed region appears localized to the north. The velocity-widths of emission lines detected toward this cloud are broad, with most lines exceeding ∆v = 8.0 km s −1 .
5.3.6. G23.6+0.3 Orange contours are 90 cm radio continuum emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
Fig. 8.-(Left) Integrated
12 CO J = 2 − 1 emission toward G12.2+0.3 from +48 to +55 km s −1 . Orange contours are 90 cm radio continuum emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
It has been suggested based on its high infrared to radio luminosity ratio that G23.6+0.3 is an H ii region and not a SNR (Pinheiro Gonçalves et al. 2011 ). However, this object has a Crab-like spectral index (α = −0.34), which implies some nonthermal component to the emission from this source (Shaver & Goss 1970) . While the radio emission is elongated, it correlates well with the spatial extent of the infrared emission and suggests that the two are associated. This observation is consistent with the possibility that G23.6+0.3 is an H ii region and SNR projected onto each other.
We detect velocity-broadened lines toward the remnant at a systemic velocity of +91 km s −1 . The regions of broadened molecular emission lie along the brightest part of the remnant's northern shell (Figure 10 ). Emission in this region appears moderately broadened, and the emission lines have velocity-widths around ∆v ∼ 6.5 km s −1 up to 7.5 km s −1 . As seen in projection, the morphology of the SNR relative to the MC is highly suggestive. There appears to be a boundary along the northern edge 
-(Left) Integrated
12 CO J = 2 − 1 emission toward G18.6−0.2 from +40 to +48 km s −1 . Orange contours are 90 cm radio continuum emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red).
of G23.6+0.3 where an ongoing interaction has broadened the coincident MC.
5.3.7. 4C−04.71 4C−04.71 is often referred to as Kes 73 and was identified as a potential SNR in part of a larger radio source centered around Galactic coordinates l = +27.3, b = 0.0 by Milne (1969) . The remnant is compact with a central pulsar identified at X-ray wavelengths and an age of ∼ 2000 yr (Vasisht & Gotthelf 1997) . Green et al. (1997) were able to localize OH maser emission toward this source 12 ′ west of the SNR around +33 km s −1 . Subsequent observations revealed associated 13 CO J = 1 − 0 and H i emission toward this source and two nearby H ii regions imply a connection with gas around +110 km s −1 (Tian & Leahy 2008b) . HESS detected TeV gammaray emission toward this remnant at 6σ significance (Aharonian et al. 2008c ). There appears to be a TeV source extending to the south of the remnant, although several other counterparts have been discussed for TeV detections in this region.
We observe broadening from the same molecular emission toward 4C−04.71 as seen in Tian & Leahy (2008b) , although in 12 CO J = 2 − 1 the line profile of the broadened emission is centered around +100 km s −1 with average line widths of ∆v = 9.0 km s −1 (Figure 11 ). However, the broadened regions lie at large separations from 4C−04.71 (∼ 3 ′ ). It is possible that these BML regions toward 4C−04.71 are associated with other nearby radio sources (Sanbonmatsu & Helfand 1992 , see, e.g.,) often assumed to be H ii regions. These sources would need to extend to within 3 ′ in projection toward 4C−04.71 to its west and southwest, which is not seen in the radio continuum.
A second possibility, which has been raised in the context of Cas A (Kilpatrick et al. 2014) , is that faint, fastmoving ejecta from 4C−04.71 could interact with the molecular gas without being visible in radio emission. If ejected at high-velocity during early phases of SN evolution, this material could carry enough momentum to turbulently accelerate the MC to the velocity width we observe. This hypothesis is supported by the observation that 4C−04.71 is still relatively young and the turbulent clouds are nearby as seen in projection. Presumably some fraction of the ejecta has not yet been significantly deccelerated by the surrounding ISM and would not need to travel far to shock the observed MCs.
5.3.8. G29.6+0.1 G29.6+0.1 was discovered in VLA observations at 6 and 3.7 cm by Gaensler et al. (1999) . The radio source is a faint, shell-like remnant, and several local enhancements were detected in the continuum. The spectral index from 6 to 3.7 cm is roughly α ∼ −0.5 across the remnant, although the brightest region of 6 cm continuum toward the eastern shell is steeper, with α = −0.77. The northwestern edge of the shell also appears relatively bright, although there is no evidence of steeper nonthermal emission.
Subsequent observations toward G29.6+0.1 with ASCA revealed a compact X-ray source thought to be a pulsar . The X-ray source is relatively faint, and no timing or age estimate have been performed, although the coincidence of this source strongly implies that G29.6+0.1 is a distant and possibly young SNR from a core-collapse SN.
We detected broadened 12 CO emission toward G29.6+0.1 and roughly coincident with a region of bright 20 cm continuum emission, at a velocity of +94 km s −1 (Figure 12 ). This position is consistent with enhancements in the 6 cm continuum and spectral index, as well as a region of bright X-ray emission as mapped by Vasisht et al. (2000) . The majority of the molecular emission at these velocities coincides with the remnant, implying a strong morphological association between the GHz continuum emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR. GHz continuum emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR. SNR and MCs. A weak red wing is also visible in the 12 CO spectrum demonstrating the characteristic velocity profile of shocked-broadened molecular emission. The two pixels where we find evidence for velocity-broadened molecular emission are highly disturbed, with line widths ∆v ∼ 10.0 km s −1 .
5.3.9. G32.4+0.1 G32.4+0.1 was discovered in the NRAO/VLA Sky Survey (NVSS) at 1.4 GHz (Condon et al. 1998 ). The remnant has clear shell-like structure visible in both radio and X-ray wavelengths (Yamaguchi et al. 2004) . While the morphology of the remnant and its X-ray spectrum imply a strong synchrotron component, a radio spectral index has not yet been measured. Of particular note are two lobes seen in nonthermal radio and X-ray emission along the eastern edge of the remnant (Ueno et al. 2005) . These features appear to be local enhancements in nonthermal emission (Figure 13 ). Moreover, they are adjacent to regions where the radio shell appears to break GHz continuum emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
and little or no emission can be seen. This morphology contrasts with the western edge where the radio shell appears more contiguous albeit no brighter than the eastern lobes.
We detect broadened molecular emission toward a cloud at a systemic velocity of +43 km s −1 and roughly coincident with the eastern radio lobe of G32.4+0.1. The associated MC extends along the southeastern and eastern part of the shell, although we detect velocitybroadening only along the northernmost portion of this cloud where the radio continuum of G32.4+0.1 is brightest. The Gaussian velocity-width of molecular emission in this region ranges from 7.1 to 8.3 km s −1 . The association with the nonthermal enhancement toward G32.4+0.1 is highly suggestive, and the spatial correlation between the MC and the shell of the remnant imply an interaction scenario. However, the kinematic distance inferred from this association is in tension with the values inferred from the Σ−D relation (18.5 kpc) and X-ray H i absorption (22 kpc) (Ueno et al. 2005) . The Σ−D estimate may be affected by the low flux density of G32.4+0.1 (S 1GHz ∼ 0.25 Jy from Green (2014)), which renders surface brightness and size estimates uncertain. Finally, it may be that the density of hydrogen toward this source is significantly larger than the n H = 1.0 cm −3 assumed for the latter estimate.
6. DISCUSSION 6.1. The SNR-MC Interaction Rate Reynoso & Mangum (2001) argued that, because half of all SNRs are expected to result from Type II SNe and their progenitors are young, massive stars born in large MC complexes, it is expected that roughly half of SNRs should be in contact with MCs. New information on the incidence of core-collapse SNe places additional constraints on the expected rate of this type of SNR-MC interaction. Here, we discuss the total number of SNR-MC interactions in our galaxy as a fraction of all known Galactic SNRs, which we call the "SNR-MC interaction rate." We examine this value in light of our findings and the factors that may contribute to an enhanced or reduced rate.
Recent transient surveys have greatly improved our understanding of the intrinsic fraction of both thermonuclear and core-collapse SN types in volume-limited samples. For example, the Lick Observatory Supernova Search (LOSS) observed 175 SNe between 60 and 80 Mpc and determined that 57% of SNe are Type II, another 19% are Type Ib/c and the remaining 24% are Type Ia (Li et al. 2011) , implying that roughly 3/4 of SNRs come from core-collapse SNe. We might expect the SNR-MC interaction rate to be close to this value.
However, discounting the four objects in our sample mentioned in § 3, our fraction of candidate interactions (17/46 or 37%) is much lower than the observed fraction of core-collapse SNe. If we rule out possible Type Ia SNe by looking only at SNRs with known pulsars or compact X-ray sources, which we infer resulted from core-collapse SNe, the total rate appears to change somewhat (7/15 or 47%). We show in § 6.2 below that virtually all SNR-MC interactions identified by other means also show broad CO and will be identified by our approach. However, in § 5.2 we illustrated the potential for false identifications. Therefore, 7/46 and 7/15 should be interpreted as upper limits. The difference between these two rates also supports the hypothesis that SNR-MC interactions tend to be associated with core-collapse SNe, but both values are low compared to the expected rate. There appears to be an underlying physical mechanism that suppresses the number of SNRs that interact with MCs compared to the known fraction of core-collapse SNe or the number of SNR-MC interactions detectable in CO lines.
In § 6.2, we discuss the possibility of ongoing or re- 
12 CO J = 2 − 1 emission toward G32.4+0.1 from +39 to +47 km s −1 . Orange contours are NVSS 1.4 GHz continuum emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red).
cent interactions between SNRs and MCs that do not excite broadened
12 CO J = 2 − 1 emission. We examine the possibility that some underlying physical mechanism suppresses the SNR-MC interaction rate in § 6.3 and in § 6.4 we discuss the implications of a low SNR-MC interaction rate for sequential star formation and simulations of SN feedback. Finally in § 6.5, we analyze the correlation between SNR-MC interactions and TeV gamma-ray emission from SNRs.
To What Extent Are SNR-MC Interactions
Detectable in 12 CO J = 2 − 1?
One of the most fundamental questions in our 12 CO J = 2 − 1 analysis of BML regions toward SNRs is what fraction of SNR-MC interactions are detectable in molecular emission? Jiang et al. (2010) argue that OH maser detections are a reliable (if incomplete) signpost of SNR-MC interactions, so a test of the completeness of 12 CO J = 2 − 1 line broadening detections for SNR-MC interactions might be "what fraction of SNRs with nearby OH maser emission have also been detected in broad-line molecular emission?" In Table 3 , we list remnants with OH maser detections and whether molecular line studies, where they exist, support the presence of broadened molecular lines.
While all of the studies cited in Table 3 detect molecular features at roughly the same systemic velocity as the coincident OH maser emission, the incidence of broadline detections is 13/15 or 87%. Another study is inconclusive: Lazendic et al. (2002) confirm the presence of shocked molecular hydrogen emission and broad-line absorption toward G359.1−0.5 but their results are ambiguous for the CO lines, so we have not included this object.
Molecular line broadening toward shocked MCs may not be detected for several reasons. Molecular gas from a single cloud can be optically thick and obscure the shocked regions. The faint line wings characteristic of broadened molecular lines may also be obscured by bright, narrow emission from other clouds. These effects are usually more severe in lower energy transitions where line emission from quiescent clouds is intrinsically broad. Indeed, both of the BML non-detections in Table 3 were performed in 12 CO J = 1 − 0 and toward SNRs near the Galactic Center (G5.4-1.2, G5.7-0.0) (Liszt 2009 ). Observations in higher energy transitions might show less emission from quiescent clouds along the line-of-sight while revealing broad-line emission. Every observation we report that was performed in transitions at higher energies than 12 CO J = 1 − 0 has found signs of broadened molecular emission.
We infer that broad molecular line emission is a highly complete (e.g., > 87%) tracer of SNR-MC interactions, and 12 CO J = 2 − 1 may exhibit broadened molecular lines in almost all instances of a SNR-shocked MC. Detection of broadened 12 CO J = 2 − 1 lines may be a necessary, but not sufficient, condition for the presence of SNR-MC interactions. This hypothesis would imply the limiting factor in assessing the "true" number of SNR-MC interactions in 12 CO J = 2 − 1 is not false negatives from optically thick or obscured emission, but false positives from multiple MCs in velocity-space that give the appearance of a broad line or from BML regions toward other sources such as H ii regions. We report evidence of both effects, for example toward HB 3 where the coincident BML region appears to be associated with the nearby H ii region W3(OH), G54.1+0.3 where the line emission from multiple velocity components appears to have been mistaken for broad-line emission in previous work, and 4C−04.71 where BML regions are detected at multiple velocities implying contribution from other sources.
Given the high completeness we infer for detections of Note.
-SNRs are selected from those with identified OH maser emission features in Frail et al. (1996) ; Green et al. (1997); Yusef-Zadeh et al. (1999); Hewitt et al. (2008); Hewitt & Yusef-Zadeh (2009) . For remnants where studies have also been performed in molecular line emission, we give the transitions observed. We also indicate whether the study concluded that the observed emission exhibits line-broadening (LB) relative to the surrounding gas (Y) or there was no evidence of line broadening (N). For references that performed molecular line studies: (1) (Serabyn et al. 1992) ; (2) (Tsuboi & Miyazaki 2012) ; (3) (Liszt 2009 ); (4) (Arikawa et al. 1999) ; (5) this study; (6) (Reynoso & Mangum 2000) ; (7) (Zhou et al. 2009 ); (8) (Reach & Rho 1999) ; (9) (Zhou & Chen 2011) ; (10) (Seta et al. 1998) ; (11) (Koo & Moon 1997) ; (12) (Cornett et al. 1977 ); (13) (Reynoso & Mangum 2001) ; (14) (Lazendic et al. 2004) a ; (15) (Lazendic et al. 2002) b a Only the observations mentioned in 12 CO J = 4 − 3 toward G357.7-0.1 have broad-line detections, although these data have not been published. b Broad-line absorption is seen in CO, CS, and HCO + while broad-line emission appears in 13 CO. See § 6.2.
SNR-MC interactions observed in 12 CO J = 2 − 1, the ratio of BML regions we detected to observed SNRs (i.e., 37%) may only be an upper limit to the "true" SNR-MC interaction rate in the galaxy. A lower SNR-MC interaction rate only exacerbates the discrepancy with the fraction of core-collapse SNe. We infer that some additional mechanism is required in order to suppress the number of SNR-MC interactions occurring in the galaxy, and we explore possibilities and their consequences below.
Suppressing the SNR-MC Interaction Rate
Suppression of the SNR-MC interaction rate relies on a SN event that is too distant from a MC for interaction to occur on a short timescale. For core-collapse events, we propose that there are two main mechanisms by which suppression can occur. One possibility is that massive stars are kicked or migrate away from their parent MC such that they are too distant to cause a SNR-MC interaction. The second is a delay between the SN event and SNR-MC interaction, which we can express as some characteristic timescale or, equivalently, a characteristic separation between massive stars and MCs. These mechanisms are not mutually exclusive, and indeed, the former might provide an explanation for the delay between SN explosions and SNR-MC interactions. The evolution of the SNR-MC interaction rate with age provides a way of disentangling each possibility and its underlying cause.
For example, one explanation of the low SNR-MC interaction rate may be a large, distinct population of runaway massive stars. Tetzlaff et al. (2011) detected 2547 runaway star candidates in Hipparcos, including over 200 stars with peculiar velocities from 10 − 120 km s −1 toward OB associations. For a star migrating directly away from its parent cloud at 10 km s −1 over 10 6 yr, a subsequent core-collapse SN would explode roughly 10 pc from its starting position. Thus, the time between explosion and SNR-MC interaction would be delayed by approximately 6000 yr (i.e., the age at which a SNR has a radius of 10 pc).
Age is a critical factor in the SNR-MC interaction rate. We hypothesize that the SNR-MC interaction rate for SNRs of varying ages may be solely a function of the "delay" between the explosion and interaction. This supposition is supported by the observation that the incidence of runaway stars is appreciable compared to the overall population of young, nearby stars. Tetzlaff et al. (2011) found that the runaway frequency of OB stars is 27% for their sample. This population of stars may explode as SNe and interact with MCs only as evolved SNRs or never exhibit signatures of SNR-MC interactions.
Assuming massive stars are "kicked" or otherwise migrate a large distance from their parent MC, an analysis of the SNR-MC interaction rate with SNR age would provide a constraint on the delay caused by this migration. A constant SNR-MC interaction rate with age would suggest that there are two distinct populations of massive stars; those that remain close to their parent MC and those that migrate a large distance such that all known Galactic SNRs are too young for the latter to have encountered a MC. The more likely scenario is that the SNR-MC interaction rate increases with SNR age, which suggests that massive stars migrate a short distance (i.e., < 30 pc) from their parent MC over their lifetimes. We would expect the SNR-MC interaction rate to level off at a certain SNR age. This analysis may provide a constraint on the distribution of massive star runaway velocities and the fraction of massive stars that are runaways.
We note several SNRs with age determinations from free-expansion velocity or pulsar timing (Appendix B). However, the number of such SNRs is too low to draw any statistically meaningful conclusions. As more SNR-MC interactions are identified, accurate age determinatons may be obtained from kinematic distances and modeling of SNR size, morphology, and surface brightness. Vink (2012) provides an analytic overview of age determinations that accounts for SN parameters as well as momentum and radiative loss. Once ages have been determined for a sufficient number of SNRs, an estimate of the dependence of the SNR-MC interaction rate with age should be possible.
Astrophysical Implications of a Low SNR-MC
Interaction Rate Another rich field of study is the direct impact SNRs may have on star formation. Models of sequential or triggered star formation rely on an understanding of the feedback between massive stars and star forming regions. While the relationship between OB associations and star-forming regions has long been recognized (Elmegreen & Lada 1977; Herbst & Assousa 1977) , the contribution of shocks from SNRs is more ambiguous. Some studies have proposed that these shocks will compress molecular regions and accelerate triggered star formation (Tomisaka et al. 1981) , although it is possible the shock velocities involved are dissociative and will destroy the molecular gas instead. There is also evidence that SNRs play little or no role in regulating star formation in individual star clusters due to the time delay before SNe occur, but turbulent outflows powered by SNe may suppress star formation in giant MCs or even galaxy-wide star formation (Krumholz et al. 2014) .
Recent numerical simulations of SN feedback have examined the impact SN feedback has on galactic environments in order to evaluate the importance of SNRs in star formation (e.g., Hopkins et al. 2012; Agertz et al. 2013; Aumer et al. 2013; Stinson et al. 2013; Hopkins et al. 2014) . Many of these simulations fail to produce the observed stellar masses due to excessive cooling or the lack of momentum transfer from SNe to giant MCs. This problem may be exacerbated by a large fraction of SNe that explode far from any molecular gas. Over short timescales, a large fraction of SNe may play no role in galaxy-wide feedback.
In the absence of momentum transfer from SNRs, it is possible that stellar feedback mechanisms other than SNe are dominant. For example, H ii regions are known to photoionize dense MCs and may suppress star formation where a sufficient level of background radiation is present. This hypothesis is supported by observations of giant H ii regions (such as 30 Doradus in the LMC) indicating that radiation pressure from stars is the dominant mechanism in adding energy and momentum to the surrounding region (Lopez et al. 2011) . The relative role of each mechanism must be assessed in the context of specific timescales and physical conditions. Our observations support arguments that SNRs may contribute less to stellar feedback than previously thought.
Gamma-Ray Emission from SNR-MC
Interactions Particle acceleration is one of the most important galactic processes in which SNRs play a central role. Cosmic rays are produced in SNRs where the SN explosion can deliver enough energy to rapidly accelerate nuclear particles (Berezhko et al. 1996) , and the energy density of cosmic rays produced in the shock region increases with the density of the surrounding medium (Jun & Jones 1999) . Enhanced turbulence and magnetic fields can excite significant hadronic particle acceleration which produces π 0 mesons that decay immediately into gamma-rays. Consistent with this hypothesis, there are a number of instances where TeV gamma-rays are reported from regions of interaction between SNRs and MCs (e.g., Aharonian et al. 2006c; Albert et al. 2007b; Acciari et al. 2009 ).
A challenge to such studies is the complex and dense population of MCs and the high density of TeV gammaray sources in the inner Milky Way where most known TeV sources lie. There may also be a tendency to target regions of possible interaction in searching for gammaray sources, potentially introducing a bias. These issues can be mitigated in our survey. We use the positions of the specific SNRs targeted in the CO survey as priors to identify possible TeV counterparts, which we accept if their positions coincide with the SNRs within 10 ′ . This positional tolerance was adopted from a conservative estimate of the positional accuracy of 6 ′ for the TeV measurements (e.g., Hinton & the HESS Collaboration 2004, Felix Aharonian, private communication) , plus an allowance for the extent of the SNR. We can then compare the number of detections for the SNRs where we detect broad CO lines indicative of SNR-MC interactions with the number where we do not find broad lines. We adopt the conventional threshold of 5σ for a TeV detection. Hahn (2014) has evaluated the HESS Milky Way survey (the source of nearly all the TeV detections we use) and shown that all of the sources at this detection level have been identified, that is, the sample is complete to this level of significance. We correct the detection rates for chance coincidences by identifying TeV sources with the same positional tolerance relative to 120 positions selected arbitrarily in the same region.
Where there were possible identifications, we report the separation between the approximate location of the SNR-MC interaction region or the center of the SNR for remnants without SNR-MC interactions and the nearest TeV gamma-ray source in Table 4 . We have taken positions for the TeV sources from TeVCat (Wakely & Horan 2008) . There are nine cases within our positional criteria, four with indications of MC interactions and five without. Our test on arbitrary positions indicates that there are about two false identifications, one for the cases with interactions and one for those without. That is, there are three true cases coinciding with interactions and four not coinciding. We have estimated the number of SNRs with TeV measurements from Bochow (2011) , as shown in Table 1 . The two sample sizes are virtually the same (19 without interactions, 20 with), so the rates of detections are identical within statistical errors.
The similar number of associations between SNRs and gamma-ray emission in these two samples does not support a strong correlation between SNR-MC interactions and TeV gamma-ray emission. The observed gammaray detections may also be contaminated by particle acceleration in pulsars, which are known gamma-ray sources. For example, the Crab pulsar has long been associated with hadronic particle acceleration and TeV gamma-ray emission (Hayakawa 1958; Fazio et al. 1968; Ostriker & Gunn 1969) . TeV gamma-ray surveys typ- Note. -SNRs with nearby TeV gamma-ray detections at the 5σ significance level. We report the position of the detected BML region from our study for SNRs with BML detections or the location of the SNR itself for those without BML detections from Green (2014) . The gamma-ray separation is determined from the difference between the reported position and the nearby TeV gamma-ray source. The gamma-ray source identifiers are also given with the reference for the position of each source indicated. a Only cases with separation < 10 ′ are accepted for our study.
ically distinguish between "compact" and "extended"' gamma-ray sources, which may aid in resolving the ambiguity between gamma-rays from pulsars and more extended regions along the SNR shell. However, this distinction may fail to separate pulsar point sources from SNR-MC interactions where the conditions for particle acceleration are met only in a small region. Moreover, H i clouds are observed near SNRs with a high enough density gradient to excite particle acceleration at shock fronts (Fukui et al. 2012; Xing et al. 2015) . In the absence of a pulsar, it may not be necessary to have a SNR-MC interaction to create a gamma-ray source toward a SNR, although the contact discontinuity between SNR ejecta and the densest parts of the ISM would still be expected to produce the brightest and hardest gammaray sources. We can account for these uncertainties to an extent. Ten out of the fourteen SNRs we report with TeV gamma-ray emission at 5σ significance have pulsars or coincident, compact X-ray sources, including five of the six objects with BML regions and five of the eight without. Removing these sources leaves only G08.3−0.0 and Tycho as the two objects with TeV gamma-ray sources detected at close separations, and while we report a coincident BML region toward the former, we do not detect any strong 12 CO emission toward the latter. G08.3−0.0 is a recently discovered object ( § 5.3.1) and it is possible that an undiscovered pulsar exists in the SNR and provides the particle acceleration necessary to generate TeV gamma-rays. Higashi et al. (2008) discuss several possible sources for the gamma-ray detection in this region, including the pulsar PSR B1800-21, although this source appears to be separated from the gamma-ray emission by at least 10 ′ . Barring these possibilities, G08.3−0.0 represents the best candidate in our sample for TeV gammaray emission from a SNR-MC interaction.
In addition to G08.3−0.0, compelling evidence for TeV gamma-ray emission can be seen toward a number of SNR-MC interactions, notably W28 (Aharonian et al. 2008a ) and IC 443 (Acciari et al. 2009 ). Although these cases show that SNR-MC interactions can produce TeV sources in some cases, the lack of a strong correlation in our study shows that other processes must play an important, perhaps dominant, role. Larger statistical samples are needed to evaluate the association of TeV sources with SNR-MC interactions more definitively. Bochow (2011) lists all measurements of SNRs, detections and upper limits from HESS. Out of the nineteen SNRs we observed with evidence for SNR-MC interaction, twelve also have evidence for gamma-ray emission at the 2σ significance level including six of the nine SNRs with newly reported interactions. This fraction is appreciably higher than the overall incidence of gammaray emission toward SNRs, which is 24/50 in our sample. Previous systematic studies for gamma-ray emission toward SNRs have found an even lower ratio of SNRs with coincident TeV gamma-ray emission (1/3 in Bochow 2011). At this level, our findings seem to support the hypothesis that TeV gamma-ray emission is correlated with SNR-MC interactions. However, confirmation of gammaray emission at this level is problematic. Detections at 2σ may be close to the confusion limit with background sources along the Galactic plane. In addition, the diffuse emission of the Galaxy can contribute to such detections without being associated with a specific source. Combined with the positional uncertainty in gamma-ray experiments, the correlation between SNR-MC interactions and TeV sources at 2σ is tantalizing but not necessarily reliable.
We conclude that there is no convincing evidence with the existing data that SNR-MC interactions are a dominant source of TeV gamma-ray emission from SNRs. Other sources of particle acceleration in SNRs, especially pulsars and interaction with the H i gas in the cold neutral medium, may contribute significantly to the number of gamma-ray detections.
7. CONCLUSION Our survey of 12 CO J = 2 − 1 molecular spectroscopy toward 50 SNRs is the first large, systematic search for this shock tracer toward SNRs. We demonstrate that our technique for analyzing 12 CO J = 2 − 1 data cubes satisfactorily reproduces broad-line detections in systems with known BML features. In applying this technique to our data set, we have found:
1. BML features were detected toward nine remnants (G16.7+0.1, Kes 75, 3C 391, Kes 79, 3C 396, 3C 397, W49B, Cas A, HB 3, IC 443) with previous evidence of SNR-MC interactions and nine remnants (G08.3−0.0, G09.9−0.8, G11.2−0.3, G12.2+0.3, G18.6−0.2, G23.6+0.3, 4C−04.71, G29.6+0.1, G32.4+0.1) with no previous evidence of interaction. The BML region detected toward HB 3 is likely associated with the H ii region W3(OH). We are uncertain whether the BML regions associated with 3C 396 and W49B represent SNR-MC interactions, and detailed follow-up toward these clouds is required to draw any firm conclusions. For one of the remaining remnants, G54.1+0.3, we find that previous indications of a SNR-MC interaction may have been due to the blending of multiple narrow line components.
2. From our analysis of SNRs with signs of molecular shocks from OH masers, we infer broadened 12 CO J = 2 − 1 features are a necessary but not sufficient condition to determine the presence of SNR-MC interactions. Confirmation must come from other sources, such as 12 CO line ratios, to demonstrate that the gas in BML regions is physically distinct from the surrounding material. The total number of SNR-MC interactions we observed as a fraction of observed SNRs may only be an upper limit to the "true" SNR-MC interaction rate in the galaxy.
3. The fraction of detected BML regions toward SNRs with known pulsars or compact X-ray sources (7/15) is slightly larger than the overall number (17/46), supporting the hypothesis that SNR-MC interactions are associated with core-collapse SNe from massive stars. However, the number of BML regions we detect toward SNRs is significantly lower than the incidence of core-collapse SNe. We infer that age may be a critical factor in the overall rate of SNR-MC interactions. A low SNR-MC interaction rate may also have far-reaching consequences for models of stellar feedback and sequential star formation.
4. We found no convincing evidence for a correlation between TeV gamma-ray sources and SNR-MC interactions. The number of TeV detections within 10 ′ of SNRs with BMLs is the same as the number for SNRs with no evidence for interactions. We conclude that SNR-MC interactions are not a dominant source of TeV gamma-rays in the galaxy. As an alternative, pulsars or interaction with H i gas in the cold neutral medium may contribute significantly to the detection rates for TeV gamma-rays toward SNRs. consistent with one of the brightest regions of the SNR at 5 GHz (Green et al. 1997; Hewitt et al. 2008 ). This maser emission occurs at +20 km s −1 , and a tentative detection of OH (1667 MHz) absorption has also been reported at +25 km s −1 . Kes 75 was initially identified as a SNR (referred to as G29.7 − 0.2) between 408 and 5000 MHz by its spectral index (Shaver & Goss 1970) . The spectral index measured in that study demonstrated nonthermal emission with α = −0.60. Low-frequency observations of this SNR are dominated by the outer shell where the emission demonstrates has an even steeper spectral index, up to α = −0.8 (Kassim 1992) . While the overall morphology appears to be composite, the steep spectral indices, even at high frequencies, suggests that the shelllike structure may be the dominant source of nonthermal emission. An X-ray pulsar was identified toward Kes 75 by Gotthelf et al. (2000) . Timing measurements suggest that the pulsar is relatively young at 723 yr.
Kes 79 was first confirmed as a SNR at 408 and 5000 MHz by Caswell et al. (1975) . Subsequent pulsar detection and X-ray timing observations were performed with XMM-Newton (Gotthelf et al. 2005; Halpern et al. 2007 ). These observations confirmed the existence of a 105 ms X-ray pulsar toward Kes 79; however, the characteristic age was determined to be τ c = 2P/Ṗ > 8 Myr. This value is significantly larger than the age estimated in Sun et al. (2004) , where the authors identified a bright inner ring of material at 0.5 − 3 keV as a wind-driven shell and, assuming this material is expanding outwards at 5000 − 10000 km s −1 , inferred an age of ∼ 6000 yr. Thus, while Kes 79 is likely a shell-like SNR with an embedded pulsar, the timing measurements imply the pulsar was spun up at birth and the younger age is more accurate.
OH lines at 1666, 1667, and 1720 MHz have been seen in both emission and absorption toward Kes 79 (Green 1989; Green et al. 1997; Koralesky et al. 1998; Stanimirović et al. 2003) . The OH 1720 MHz maser was observed at +90 km s −1 in a single-dish detection, although the source has yet to be localized. In absorption, OH has been observed at +12 and +55 km s −1 and in a broad feature from +95 to +115 km s −1 . It is inferred that this last feature corresponds to a coincident MC, and the broadening in OH is due to a shock interaction with the SNR.
3C 396 was classified as a SNR by Shaver & Goss (1970) . 20 cm emission maps reveal composite morphology with significant brightening along the western half of the remnant, and especially toward the southwest (Patnaik et al. 1990) . The spectrum at this frequency appears nonthermal (α = −0.42), and measurements of the spectral index at 90 cm agree with this value (Kassim 1992) . Green et al. (1997) reported detection of OH 1720 MHz maser emission at more than one pointing in single-dish observations of the remnant, although no velocity information or localization was obtained from these observations. This detection was subsequently confirmed by Koralesky et al. (1998) in VLA observations, and the authors report the presence of a +70 km s −1 OH line.
3C 397 was resolved and distinguished from a nearby H ii region to its west by Kundu et al. (1974) . The remnant is bright and compact, with several enhancements in the nonthermal radio emission to its west. The spectral index is steep from 6 to 20 cm in this region (α = −0.66) relative to the rest of the shell (α = −0.59) (Anderson & Rudnick 1993) . Observations at 1720 MHz revealed no OH maser emission and imply that if there is a SNR-MC interaction the physical conditions may be too extreme to excite a maser (Green et al. 1997) .
W49B was initially identified as a strong radio source and probable SNR at 408 MHz by Shaver & Goss (1970) . The remnant radio spectrum has a moderately nonthermal spectral index between 408 MHz and 15 GHz of α ∼ −0.48 (Green et al. 1975) . Thus far, no OH maser emission has been detected toward this remnant in targeted searches (e.g., Green et al. 1997) .
G54.1+0.3 is a diffuse, low surface brightness radio source identified as a SNR in Reich et al. (1985) . The source is significantly polarized (7%) at 4.75 GHz, but has a flat spectral index at this frequency of α ∼ −0.1. Subsequent observations in the X-ray with ASCA and at 1175 MHz with Arecibo revealed a 136 ms pulsar, which combined with the SNR morphology, suggests that G54.1+0.3 is a Crab-like remnant with an age of ∼ 2900 yr (Camilo et al. 2002) .
HB 3 is a large SNR with well-defined shell structure at 2.7 GHz ). The remnant is embedded in a star-forming region that contains the nearby H ii region W3. Spectral indices from 38 MHz to 2.7 GHz (α ∼ −0.5) suggest HB 3 has a strong nonthermal component. There is also evidence for a SNR-MC interaction from several OH 1720 MHz masers that have been detected to the southeast of this SNR and near W3 (Koralesky et al. 1998) . One of these detections, referred to as "W3 northwest" in Koralesky et al. (1998) , occurs at −38.6 km s −1 and is directly to the southeast of the remnant. Toward HB 3, this systemic velocity corresponds to a distance of 3.7 kpc, slightly farther than inferred from this Σ − D relation, although HB 3 is extended (∼ 80 ′ ) and presumably an old remnant at this distance (∼ 30, 000 yr in Lazendic & Slane (2006) ). Thus, surface brightness and size estimates are less reliable than for younger remnants and may yield discrepant distances compared to other methods.
